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(57)Abstract 

i Chromatic dispersion between. -first and second wa»elenghts of light is coraected by a lens/zone plate combination. The 
zoneplatc (16) is adapted both to send most of^tue first wavelength light into its<zerotb order and to send most of the second 
wavelength light into, its first order and to change the focafclength of the second wavelength light to coincide with the focal length 
of the first wavelength light. A preffered embodiment includes a rinc/selinide sulfide lens (10) having a zone plate (16) etched on- 
to one of its surfaces. The zone platerfoas a multi-step phase profile £20) including four phase levels. The lens/zone plate combina- 
tion is particularly, adapted for use^with C0 2 and HeNelasers to: bring -their focal lengths into coincidence. 
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LENS/ZONE PLATE COMBINATION FOR 
CHROMATIC DISPERSION CORRECTION 

Background of the Invention 

This invention relates to correction of chromatic 
dispersion and more particularly to a lens/zone plate 
combination which corrects chromatic dispersion between light 
of widely differing wavelengths. 

Chromatic dispersion results from an optical material 
having different indices of refraction for different 
wavelengths of light. Because of this, light of one wavelength 
passing through the lens will focus to a different point from 
light of another wavelength also passing through the lens. 
Chromatic dispersion is a particular problem in C0 2 laser 
systems with zinc selinide lenses used for applications such as 
laser welding and laser surgery. Because C0 2 laser light is 
invisible, visible light from a HeNe laser is routinely used in 
conjunction with C0 2 lasers as an alignment aid. An example 
is a laser scalpel employing a HeNe laser to locate the focal 
point of the C0 2 laser light which performs the surgery. 
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A major limitation of using a HeNe laser beam for 
locating the focal point in a zinc selinide C0 2 laser system 
is chromatic dispersion. The large wavelength difference 
between light from a C0 2 laser and a HeNe laser, coupled with 
the dispersion characteristics of zinc selinide, results in the 
two wavelengths focusing at significantly different locations. 
The focal points of the two beams must be made to coincide if 
the HeNe beam is to be useful for locating the focal point of 
the C0 2 laser . 

In conventional lens design, chromatic dispersion is 
usually corrected by construction of a doublet consisting of 
two lenses with different dispersion characteristics. A 
doublet can, in principle, correct for chromatic dispersion 
between any two wavelengths. A problem arises, however, if one 
wants to construct a doublet to correct for chromatic 
dispersion between C0 2 (10,6 ]m) and HeNe (0.6328 \xm) 
laser wavelengths. This is the case because zinc selinide and 
zinc sulfide are the only readily available optical materials 
that transmit both 10.6 nm and 0.6328 \im radiation. The 
doublet approach is therefore not practical - 

Chromatic dispersion between two wavelengths can also 
be compensated for with an air spaced doublet consisting of two 
lenses of the same material. This approach has recently been 
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proposed to correct for the dispersion between 10,6 lira and 
0.6328 radiation in a zinc selinide system. Major 
problems inherent with this scheme, however, are that the 
chromatically compensated focal point is virtual and that it 
works only for low numerical aperture systems. These problems 
severely limit the usefulness of this approach in most systems 
where a real focus and a high numerical aperture are desired. 

Summary of the Invention 

In accordance with the invention, a zone plate is 
etched into one surface of a lens. The zone plate sends most 
of a first wavelength light into its zeroth order and sends 
most of a second wavelength light into its first order, and 
changes the focal length of the second wavelength light to 
coincide with the focal length of the first wavelength light. 
It is preferred that the zone plate have a multi-step phase 
profile including four levels. 

Brief Description of the Drawing 

The invention disclosed herein will be understood 
better with reference to the drawing of which: 

Fig. 1 is a cross-sectional view of a lens; 
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Fig. 2 is a cross-sectional view of a lens/zone plate 
combination according to the present invention; 

Fig. 3 is a graphical illustration of a zone plate 
having a continuous phase profile; 

Fig. 4 is a graphical illustration of a zone plate 
having a binary phase profile; and 

Fig. 5 is a graphical illustration of a zone plate 
having a multi-step phase profile. 

Description of the Preferred Embodiment 

The problem addressed by the present invention is 
illustrated in Fig. 1. A zinc selinide lens 10 focuses 0. 6328 
jim from a HeNe laser (not shown) at a point 12. Similarly, 
the lense 10 will focus 10.6 ym radiation from a C0 2 laser 
at a point 14. As discussed above, visible light from the HeNe 
laser is used for alignment and to locate the focal spot of the 
C0 2 beam. Under these circumstances , the transmission 
efficiency of the HeNe beam does not necessarily have to be 
extremely high. Since the focal points 12 and 14 are not 
coincident, the zinc selinide/sulf ide lens alone cannot be used 
to lcoate the C0 2 focal point. 

Before discussing the specifics of the present 
invention, a description of lens/zone plate theory will be set 
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forth. Zinc selinide has an index of refraction of n = 2.403 
for 10.6 pm radiation and n= 2.581 for 0.66328 pm light. A 
zinc selinide lens, with radii of curvature R^ and R 2 will 
have a difference in focal length , AF, for the two 
wavelengths given by 

1 (ni-1) Cn 2 -1) 1 1 j 

AF An Rl R2 

where An = n 2 - n x . In theory, a zone plate which is 

seen by both wavelengths (i.e. , using the same diffraction 
order for both wavelengths) could be etched into a lens to 
correct for the chromatic dispersion. For this case, the zone 
plate should have a focal length for the HeNe beam given by 

1 X 2 1 I- 
= _ An ( - ) 

F 1 AX Rl R 2 

such that the resulting lens/zone plate combination would have 

a focal length of 



- = (n 2 -l) <— > + — 

F 



Rl R2 F ' 



for both wavelengths. The problem with this technique is 
two-fold. The diffraction efficiency of on-axis zone plates is 
generally limited. Secondly, because of the wavelength 
selective nature of defractive elements, a zone plate cannot be 
made which has high efficiency for two wavelengths that are 
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widely seprated. The limitations of this correction scheme may 
be exploited in order to construct a useful lens/zone plate 
combination. 

The diffraction efficiency of an on-axis phase zone n 
plate is a function of the phase depth to which it is etched. 
An ideal (100% efficient) on-axis zone plate has a maximum 
phase depth of one wavelength. Thus, a zone plate etched for 
high efficiency at 0.6328 \xm will have a phase depth only 
0.05 lambda for the 10.6 \im C0 2 beam. The C0 2 

beam will propagate through the zone plate diffracting less 
than 3% of its energy since the phase depth is such that the 
C0 0 beam essentially does not see the zone plate. The 
majority of the energy of the C0 2 beam will remain in the 
zero order while the majority of the HeNe beam will be 
diffracted into the first order. In practice, it is very 
difficult to construct an optimal zone plate with 100% 
diffraction efficiency. As will be shown later, however, it is 
relatively easy to construct zone plates with efficiencies 
approaching 80%, 

The present invention is illustrated in Fig. 2. The 
zinc selinide/sulf ide lens 10 includes a zone plate 16 etched 
into one of its surfaces. As will be discussed hereinbelow, 
the zone plate 16 has a phase depth such that the zone plate 
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sends most of the HeNe beam into its first order and most of 

the C0 2 beam into its zeroth order. In this way the focal 

points of the C0 2 and HeNe radiation are brought into 

coincidence at a point 18. As shown in the inset of Fig. 2, it 

is preferred that the zone plate 16 include multi-step binary 

levels 20 to improve the efficiency of the HeNe beam. 

Using the fact that a zone plate can be etched such 

that it sends most of the HeNe beam into its first order and 

most of the C0 2 beam into its zeroth order, it is a 

straightforward task to design a lens/zone plate combination 

that corrects for chromatic aberrations between the two 

wavelengths. A zone plate is required that will shift the 

focal point of the HeNe beam by AF. Thus, the zone plate 

should have, to first order, a focal length of 

1 1 1 , 
= r An < r) 

Y" Rl ^2 

As can be seen in Fig. 2, the samllest fringe spacing 
and fringe width of a zone plate occur at the aperture edge of 
the lens. These feature sizes are determined by the numerical 
aperture of the zone plate. For reasonable C0 2 systems, the 
numerical aperture of the correcting zone plate is less than or 
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equal to 0.1. The corresponding minimuin feature sizes are 

P ^ 12 ym 
d ~ 6 ym 



where p is the minimum fringe period and d is the minimum 
fringe width. Drawing patterns with such feature sizes are 
eaisly done using either standard optical pattern generators or 
electron beam writers. The positioning accuracy of these mask 
writers is 0-15 um. The first diffraction order from a zone 
plate written by one of these machines will have a wavefront 
accuracy of (X/20). 

A remaining consideration is to produce a phase 
profile on the zone plate 16 that will diffract the majority of 
the HeNe beam and a very little of the C0 2 beam. Figs. 3, 4 
and 5 show three zone plate profiles. Fig. 3 shows a 
continuous phase profile 22 that has 100% diffraction 
efficiency into the first order for 0.6328 \xm light. A 
system has been proposed to construct these continuous profiles 
using an interf erometerically controlled lathe. However, it 
may not be possible to control the phase depth well enough to 
achieve efficiencies near 100%. 
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Fig. 4 shows a binary phase profile 24 which is easy 
to produce. The binary structures can be made by standard 
lithographic techniques . A binary amplitude mask is written by 
a pattern generator. This mask is then contact printed onto a 
resist coated substrate. The patterned resist profile is then 
etched into the surface of the substrate using either a wet or 
dry etching process. The mMn limitation to the binary profile 
24 is that its theoretical maximum diffraction efficiency is 
only 40.5% 

It is preferred that a phase profile 26 shown in Fig. 
5 be utilized. The profile 26 is an intermediate profile 
between those shown in Figs . 3 and 4. It is easily 
constructed/ as is the binary profile 24, yet has a diffraction 
efficiency approaching that of the continuous profile 22. 
Producing the profile 26 is accomplished by using the same 
tools used to produce the binary profile 24. Two binary 
amplitude masks are generated, and their patterns sequentially 
etched into the substrate. The resulting four level phase 
profile 26 has a theoretical maximum diffraction efficiency 
into the first order of 81%. The majority of the remaining 
light resides in the -3rd diffraction order which is a 
diverging beam at the system output. Thus, the focal point of 
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the first order is readily identifiable and coincides with the 

C0 2 beam focal point. 

When etched into the zinc selinide lens 10, the zone 
plate 16 should have a maximum phase depth of 0.75 (lambda) for 
the HeNe beam. The C0 2 beam will see a zone plate with a 
maximum phase depth of 0.04 (lambda). That is, the C0 2 beam 
sees a very shallow phase structure so that very little of the 
CO, beam energy is diffracted into the first order. 
Estimating a worst possible case, one can model the structure 
as a 50% duty cycle square wave grating with a 
0.04 (um) phase depth. This worst case estimate results in 
the undiffracted C0 2 beam retaining 98% of its original 
energy. The zinc selinide lens/zone plate combination of the 
present invention thus corrects for the large focal length 
difference between C0 2 beam will be focused to the same 
point. The present invention thus allows the focal point of 
the invisible C0 2 light to be determined very accurately by 
the visible HeNe light. 

Although the present invention has been described in 
conjunction with a zinc selinide lens, it is to be understood 
that the present invention has application to correcting 
chromatic dispersion between virtually any two widely separated 
wavelengths in any appropriate material which passes the 



SUBSTITUTE SHEET 



SDOCID: <WO 9112551A1J_> 



WO 91/12551 



PCT/US9 1/00961 



-11- 

wavelengths of interest and can be anisotropically etched, such 
as zinc sulfide. The lens/zone plate combination of the 
present invention is readily fabricated with existing 
techniques (e.g. argon ion milling or methane reactive ion 
etching) techniques. It is recognized that modifications and 
variations of the present invention will occur to those skilled 
in the art and it is intended that all such modifications and 
variations be included within the scope of the appended claims. 
What is claimed is: 
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1. Optical apparatus for correcting chromatic 
dispersion between first and second wavelengths of light 
comprising a lens/zone plate combination, the zone plate 
adapted both to send most of the first wavelength light into 
its zeroth order and to send most of the second wavelength 
light into its first order and to change the focal length of 
the second wavelength light to coincide with the focal length 
of the first wavelength light. 

2. The optical apparatus of claim 1 wherein the phase 
depth of the zone plate does not exceed 0.75 of the second 
wavelength light. 

3. The optical apparatus of claim 1 wherein the zone 
plate has a focal length of 

1 11 
■ P" *~ Ri R 2 

where An is the difference in the index of refraction of the 
lens for the first and second wavelengths of light and and 
R 2 are the radii of curvature of the surfaces of the lens. 

4. The optical apparatus of claim 1 wherein the zone 
plate has a multi-step phase profile. 
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5. The optical apparatus of claim 4 wherein the 
multi-step phase profile includes 4 phase levels. 

6. The optical apparatus of claim 1 wherein the lens 
is zinc selinide and the zone plate is etched into one surface 
of the lens. 

7. The optical apparatus, of claim 1 wherein the lens 
is zinc sulfide and the zone plate is etched into one surface 
of the lens . 

8. The optical apparatus of claim 6 wherein the first 
wavelength light is 10.6 \im and the second wavelength light 

is 0.6328 jim. 

9. Optical apparatus for correcting chromatic 
dispersion between light from a C0 2 laser and a HeNe laser 
comprising a zinc selinide lens having a zone plate etched on 
one of its surfaces, the zone plate having a phase depth of 
0.75 of the wavelength from the HeNe laser and having a four 
level phase profile. 
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10. The optical apparatus of claim 9 wherein the 
number ical aperture of the zone plate is less than or equal to 
0.1. 

11. The optical apparatus of claim 9 wherein the zone 
plate profile is produced utilizing two binary amplitude masks 
with subsequent etching. 

12. The optical apparatus of claim 11 wherein the two 
binary amplitude masks are written by a pattern generator. 

13. The optical apparatus of claim 11 wherein the two 
binary amplitude masks are generated by electron beam writers. 
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